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Abstract
We propose a supersymmetric composite model with three generations in
which supersymmetry and electroweak symmetry are broken dynamically, and
masses of quarks and leptons are generated without introducing any mass
scales by hand. All the mass scales in the model are expected to be generated
dynamically. The mechanism to have mass hierarchy is explicitly described,
although the roughly estimated mass spectrum of quarks and leptons does
not exactly coincide with the realistic one.
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I. INTRODUCTION
Recently, many supersymmetric composite models have been proposed towards a better
understanding of the generation structure, the mass hierarchy of quarks and leptons, and
the supersymmetry and electroweak symmetry breaking [1{8]. In spite of these many eorts,
we still do not have satisfying understanding. In most of models, some mass scales must be
introduced by hand to have higher dimensional (non-renormalizable) eective interactions
in the superpotential for quark mass generation.
In this paper we propose a supersymmetric composite model with three generations of
quarks and leptons, in which there is no mass scale introduced by hand. All the mass
scales are expected to be generated dynamically. Although the resultant mass hierarchy of
quarks and leptons does not exactly coincide with the realistic one, the mechanism for the
generation of the mass hierarchy itself might be true.
We begin with a brief review of the compositeness structure of one generation which
comes from the model proposed by Nelson and Strassler [1]. Consider the following particle
content:
SU(2)H SU(5)






where SU(5)  SU(3)C  SU(2)L  U(1)Y contains the standard model gauge group and
SU(2)H is the additional hypercolor gauge interaction which becomes strong at some high
scale H and connement is expected. All elds are chiral superelds and a is the index of
the SU(5) representation. The representation is vector-like, if we consider only one simple
gauge group, and the anomaly cancellation is trivial. Although we use SU(5) representations
to describe the quantum number of the standard model gauge group throughout this paper,
we do not assume the grand unication. Using the technique developed by Seiberg et al. [9],
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we can identify massless low energy eective elds as
ab  [P aP b]  P aP
b
 ; 
a  [P aN ]; (1)
where ab and a are identied as the matter multiplet in 10 representation and the Higgs
multiplet in 5 representation in the standard SU(5) grand unied theory, respectively. If we





which is the general form in the given symmetry, the masses of Higgs particles are generated
as




where H is the scale of the hypercolor dynamics, and the explicit SU(5) breaking eect is
incorporated in the coupling matrix ab .
It is expected that the non-perturbative hypercolor dynamics generates the superpoten-





abcde =  (q3Ht+ q3q3D + tD) ; (4)
where  is the coupling constant expected to be of the order of unity, q3, t and  are chiral
superelds which are contained in the eld ab, and H and D are the chiral superelds
which are contained in the eld a. The rst term of the above equation is the Yukawa
coupling for the mass of the top quark. The exact magnitude of the coupling  could be
determined, if we have enough information of the Ka¨hler potential for the eective elds. If
we consider the explicit SU(5) breaking eect, the coupling constants for each three terms
are not necessarily equal.
In the paper of Ref. [4] the dynamical supersymmetry breaking, which is triggered by the
strong SU(2)S supercolor dynamics, was introduced in this simple model described above.
It was shown that all gauginos (gluino, photino, wino, zino) and sfermions (squarks and
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sleptons) in third generation obtain their masses, which are consistent with the experiment,
and the electroweak symmetry is broken due to the strong Yukawa coupling of the top quark
through the radiative breaking mechanism [10]. But the origin of the masses of the bottom
quark and tau lepton was not specied.
In this paper we proceed further by including other two generations and specifying the
mechanism of the mass generation for all quarks and leptons. In the next section we de-
scribe the particle contents and tree level superpotential, and explain how the strong gauge
dynamics works. In section III the mechanism of the mass generation for quarks and lep-
tons is described. The Yukawa couplings for the masses of up-type quarks are generated
by virtue of the non-perturbative gauge dynamics as explained above, and their hierarchy
comes from the mixing between composite Higgs particles. The Yukawa couplings for the
masses of the bottom quark and tau lepton are generated through the exchange of a heavy
particle which has strong relation with the dynamics of supersymmetry breaking. The mass
of the heavy particle is expected to be generated dynamically. The masses of the strange
and down quarks are generated through the kinetic mixing between the up-type quarks
which is generated by the exchange of heavy particles whose masses are also expected to be
generated dynamically. The flavor mixing in the up-type quark sector is strongly related
with the diagonal masses in the down-type quark sector in this model. Unfortunately, the
resultant masses of the strange and down quarks are too small to be realistic. The masses
of muon and electron are also generated in the same way, but they are also too small to be
realistic. In section IV we summarize the model, and describe some problems of this model.
II. THREE GENERATION MODEL
We introduce three generations as three copies of the same structure which is explained
in the previous section. Therefore, there are three SU(2) hypercolor gauge symmetry for
each generation, namely, SU(2)1, SU(2)2 and SU(2)H for rst, second and third generation,
respectively. In addition to that, the supercolor gauge interaction, SU(2)S, is introduced,
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by which supersymmetry is dynamically broken through a mechanism which was proposed
by Izawa et al. [11]. The scales of dynamics of each gauge interactions are assumed as
(1)  (2)  S > H : (5)
We take S ’ 1010 GeV and H ’ 109 GeV following the analysis of Ref. [4].
The particle contents of the model is as follows.
SU(2)1 SU(2)2 SU(2)H SU(2)S SU(5) Z2
P (1) 2 1 1 1 5 +
N (1); N
(1)
i 2 1 1 1 1 −
P (2) 1 2 1 1 5 +
N (2); N
(2)
i 1 2 1 1 1 −
P 1 1 2 1 5 +
N;Ni 1 1 2 1 1 −
A / 3+A 1 1 1 1 5
 − / +
Q 1 1 2 2 1 +
~Q1 / ~Q2 1 1 1 2 1 − / +
Z1 / Z2 1 1 2 1 1 − / +
Z, X / Z 0, X(A) 1 1 1 1 1 − / +
Here, i = 1; 2 and A = 1; 2; 3. The discrete symmetry distinguishes six 5 multiplets in
SU(5) into three Higgs multiplets and three matter multiplets which include right-handed
down-type quarks and left-handed lepton weak doublets. We introduce the following tree
level superpotential which is consistent with the symmetry.
Wtree =































































aZ1] Aa + 2A [P
aZ2] 3+Aa
+Z Z [Z1Z2] + X X [Z1Z2]
+ Z [ ~Q1 ~Q2]S + 
0 Z 0 [Q1Q2]S + i [Zi [Q ~Qi]S]; (6)
where square brackets mean the contraction of the indexes of hypercolor SU(2) gauge groups
(see Eq.(1)), and square brackets with subscript S mean the contraction of the indexes of the
supercolor SU(2)S gauge group. For simplicity, we do not include the explicit SU(5) breaking
eect which can be easily incorporated whenever we want. Unfortunately, this superpotential
is not the general form in the given symmetry. Although the unwanted interactions, like
ZZZ and XXX, are forbidden, several interactions, like Z 0Z 0Z 0 and Z[NZ2], are dropped
by hand. This may suggest the additional symmetry or the modication of the dynamics of
the supersymmetry breaking. Since U(1)R symmetry is explicitly broken by gauge anomaly,
there is no R-axion problem. In the following, we regard all the coupling constants as the
real ones, for simplicity.
Consider the connement of the SU(2)S gauge interaction and the supersymmetry break-
ing. Since there are four doublets of SU(2)S, the low energy eective elds are expected
as 0BB@ (V + V 0) Vj
−Vi (V − V 0)ij
1CCA 
0BB@ [QQ]S [Q ~Qj]S
[ ~QiQ]S [ ~Qi ~Qj ]S
1CCA ; (7)
with the constraint
V 2 − V 02 − [V1V2] = 
4
S; (8)
where the eective elds have mass dimension two [9]. Under the condition that the Yukawa
couplings , 0 and i can be treated perturbatively, it is natural that the eective eld
V  1
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f[QQ ]+ij[ ~Qi ~Qj ]g has vacuum expectation value due to the constraint. Namely,
V = 2S













Here, we rescaled the elds V 0 are Vi by S to have dimension one, and expanded by
assuming that V 0=S and Vi=S are small. (We take positive sign by using the anomalous
U(1)R symmetry.) Then the superpotential of Eq.(6) eectively becomes
Weff ’






























































aZ1] Aa + 2A [P
aZ2] 3+Aa
























Here, we dare to leave the elds which couple with SU(2)1 and SU(2)2, although they are





S; hFZ0i = −
2
S; (11)
and supersymmetry is spontaneously broken, where we set 0 = , for simplicity. We assume
that vacuum expectation values of the scalar components of Zi and Vi, which parameterize
the pseudo-flat direction, are xed to zero by the eect of the Ka¨hler potential. (Note
that since both Zi and Vi have the charge of SU(2)H gauge interaction, they should follow
some non-trivial scalar potential which comes from the Ka¨hler potential.) The vacuum
expectation values of the scalar components of Z, Z 0, X and X(A) are also the parameters of
the pseudo-flat direction. We simply expect that these elds have vacuum expectation values
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of the order of 1014 GeV with ; 0 ’ 10−2 through the eect of the Ka¨hler potential (see
Refs. [4] and [12]). Once these assumptions are satised, the mechanism of the mediation
of the supersymmetry breaking which is proposed by Ref. [4] works. All gauginos in the
standard model have their masses which are compatible with experiments, and composite
squarks and sleptons in the third generation have huge masses. The elementary squarks and
sleptons in third generation and the squarks and sleptons in rst and second generations
have their masses through the radiative correction in the same way in the gauge-mediated
supersymmetry breaking model [13].





i obtain their masses, and these elds can not be the component of massless





than the scales (1) and (2), respectively, they decouple from the low energy physics. We





i . The same procedure can be applied for the eld Zi. The eld Zi has
mass, if Z and/or X have vacuum expectation values. The eective superpotential at the
scale between H and S is obtained as
Weff ’


















































































where we neglect the supersymmetry breaking terms, for simplicity (see Ref. [4] for the su-
persymmetry breaking). Here, we introduced the low energy eective elds 1  [P (1)N (1)],
1  [P (1)P (1)], 2  [P (2)N (2)] and 2  [P (2)P (2)] which interact with each other through
the dynamically-generated Yukawa interaction of the last line of the above superpotential.
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The form of the coupling matrix  in the above superpotential is the general one under the
global SU(3) rotation on Aa elds.
The connement of SU(2)H occurs in succession, and the eective superpotential below




























































































where we introduced the low energy eective elds 3  [PN ] and 3  [PP ] which
interact with each other through the dynamically-generated Yukawa interaction of the last
term of the last line. The explicit SU(5) breaking is considered in the rst line of the
above superpotential (the coupling matrix  is decomposed to D for a = 1; 2; 3 and H for
a = 4; 5), and the rst and second terms in the rst line are the mass terms for colored Higgs
and Higgs elds, respectively. (Note that the indexes ~A and ~B run reverse way, namely, from

























We assume that the matrix elements of H are the same order of magnitude, except for
33-element. We also assume that the matrix elements of D are the same order of magni-




D33H  D ’ 1000 GeV, namely 
D
33 ’ 10
−6 are necessary to have the electroweak symme-
try breaking through the radiative breaking mechanism [4]. The eigenvalues of these mass














D ( ~A; ~B 6= 3). The mass of the colored Higgs which couples with the
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rst generation particles through the dynamically-generated Yukawa interactions must be
larger than 1017 GeV not to have rapid proton decay. Therefore, we assume D(1) ’ 10
17
GeV, namely D~A ~B ’ 1 (
~A; ~B 6= 3) and (1) ’ 1017. This huge hierarchy in the coupling
matrix  is one of the problems of this model.
III. MASS GENERATION MECHANISM
First, we describe the generation of the mass hierarchy of up-type quarks. The interac-
tions of the last line of Eq.(13) contain the Yukawa couplings for the masses of up, charm and
top quarks, but there are three pairs of Higgs doublets in each generation. The Higgs elds
in each generation mix with each other through the mass matrix MH . The mass matrix is
approximately diagonalized as UMHV y ’ diag( (2) (1)), where the order of magnitude of


















and all the elements of the matrix V are of the order of unity. According to Eq.(5), the
hierarchy =(2); =(1); (2)=(1)  1 is assumed. We can identify the lightest Higgs pair to
the Higgs pair in the minimal supersymmetric standard model. The other Higgs pairs are
heavy and decouple from the low energy physics. Therefore, Yukawa couplings for up-type






























where  denotes the lightest Higgs multiplet, and the index e takes the values only 4 and













Since we need to take  ’ 100GeV for the electroweak symmetry breaking, we have (2) ’ 104
GeV and (1) ’ 107 GeV, namely H~A ~B ’ 10
−10 ( ~A; ~B 6= 3) and (2) ’ 1014 GeV.
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Next, we discuss the mass generation of down-type quarks. The interaction of the last






21 HbRq3L + 22 HsRq3L + 23 H dRq3L
o
+ h.c.; (18)
where H is the lightest SU(2)L-doublet Higgs scaler eld, bR, sR and dR are right-handed
quark fermion elds, and q3L is the left-handed SU(2)L doublet quark elds in third gener-
ation. We dened   13V33 + 12V32 + 11V31, where V33, V32 and V31 are matrix elements
of the matrix V . It is clear that the Yukawa coupling for the bottom quark mass is included
in Eq.(18). Since it is natural to take Z; X ’  ’ 10−2 and ZhZi + XhXi ’ 1012, we
have the Yukawa coupling for the bottom quark mass as
gb = 2110
−3: (19)
It is expected that the Yukawa coupling for the top quark mass is of the order of unity and
tan ’ 4 (see Ref. [4]). Therefore, gb = (mb=mt) tan ’ 0:1 and 21 must be of the order
of 102. The mixing masses between bL and sR and between bL and dR, which come from the
second and third terms of Eq.(18), respectively, are expected to be the same order of the
bottom quark mass. We can have the mass of the tau lepton which is the same order of the
bottom quark mass.
The Yukawa couplings for the masses of the strange and down quarks are not included
in the eective superpotential of Eq.(13). However, if we have mixing in the up-type quark
sector, the masses of these quarks can be generated by the quantum correction through the
diagram of Fig.1. Although there is no mass mixing in the up-type quark sector, the kinetic
mixing is generated through the diagram of Fig.2.
Consider the generation of the strange quark mass. The kinetic mixing between top and
charm quarks are estimated as follows.
Ltc = "tc tiγ
Dc+ h.c. (20)
"tc ’





















where we take H as the physical ultraviolet energy-momentum cut o in Euclidean space.









0i + (2);(3)X hX






22 ’ 10, we have "tc ’ 0:1.
We assume that the perturbative calculation is good for order estimation, even if the coupling
constant of the vertexes in Fig.2 is very large.


















come from Eqs.(18) and (16), respectively. The main contribution in the diagram of Fig.1 is
the would-be Nambu-Goldstone boson component of the Higgs elds in R-Landau gauge.
If we naturally take gsRtL ’ gb ’ 0:1, then we have ms ’ 0:1 MeV. This value is too small
for the strange quark mass which is usually considered as 100 < ms < 300 MeV. The reason
of this small value is the smallness of gcRsL ’ =(2) ’ 10
−3 and loop suppression factors of
the diagrams.
The mass of the down quark can also be generated in the same way. But the value is
negligibly small, because the kinetic mixing coecient "ut have to be vary small to have long
life time of the proton ("ut < 10
−9).
The masses of muon and electron can be generated through the similar diagram of Fig.1
in which Higgs elds are replaced by colored Higgs elds. But the resultant masses are
negligibly small, since the mixing angles between light colored Higgs and heavy colored
Higgs are very small.
IV. CONCLUSION
In this paper we proposed a supersymmetric composite model in which the both su-
persymmetry and electroweak symmetry are dynamically broken, and the mass generation
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mechanism for all quarks and leptons is explicitly described. The particle contents are very
simple. Only the particles which belong to the fundamental representation of each simple
unitary gauge group are considered. Since the representation is vector-like in each gauge
group, including the gauge group of the standard model, the anomaly cancelation is trivial.
The mass hierarchy in the up-type quark sector can be clearly understood as the result
of the mixing between the composite Higgs of each generations. The generation of the
mass hierarchy for down-type quarks and charged leptons is more complicated. The bottom
quark and tau lepton are special particles, since they can directly couple with the dynamics
of the supersymmetry breaking. Therefore, they have relatively large masses in comparison
with the masses of the corresponding particles in other generations. The generation of the
Yukawa couplings for the masses of down-type quarks and charged leptons in the other two
generations are forbidden at the tree level by the discrete Z2 symmetry which distinguishes
the six multiplets in 5 representation of SU(5) into three Higgs multiplets and three matter
multiplets. (This discrete symmetry also forbids the Yukawa coupling at tree level which
contributes to the dimension-ve operator [14] for proton decay.) But since the discrete
symmetry is spontaneously broken by the vacuum expectation value of Z or X, their masses
can be generated through the quantum correction. Unfortunately, the resultant masses are
too small to be realistic, because of the many suppression factors and the constraint from
the long life time of proton. But it must be stressed that no mass scale is introduced by
hand.
There are many other open questions.
We put several assumptions on the dynamics. The most serious one is the unspecied
dynamics to have vacuum expectation values of the scalar components of the gauge singlet
elds Z, X, Z 0 and X(A). Since they are parameters of the pseudo-flat direction, it could be
possible that they have vacuum expectation values through the quantum correction to the
Ka¨hler potential [12]. It could also be true that there is more appropriate dynamics for the
supersymmetry breaking in which such vacuum expectation values are naturally generated.
Other problem is that we have to consider the hierarchical Yukawa coupling in the tree
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level superpotential, especially in the coupling matrix . It looks like very articial and
brings conceptual diculty, because we are pursuing the origin of the mass hierarchy.
Although the model which is proposed in this paper is not the perfect one, we believe
that it is a primitive one which is worth developing further.
ACKNOWLEDGMENTS
I would like to thank T. Appelquist, N. Okada and F. Sannino for a careful reading of the
manuscript. This work was supported in part by U.S. Department of Energy under Contract
No. DE-FG02-92ER-40704 and in part by Grant-in-Aid for Scientic Research on Priority




[1] A.E. Nelson and M.J. Strassler, Phys. Rev. D56, 4226 (1997).
[2] M.A. Luty and R.N. Mohapatra, Phys. Lett. 396B, 161 (1997).
[3] M.A. Luty, hep-ph/9611387.
[4] N. Kitazawa and N. Okada, Phys. Rev. D56, 2842 (1997).
[5] M. Hayakawa, Phys. Lett. 408B, 207 (1997).
[6] D.B. Kaplan, F. Lepeintre and M. Schmaltz, Phys. Rev. D56, 7193 (1997).
[7] N. Haba and N. Okamura, hep-ph/9709239.
[8] N. Okada, hep-ph/9711342.
[9] N. Seiberg, Phys. Lett. 318B, 469 (1993); N. Seiberg, Phys. Rev. D49, 6857 (1994);
N. Intriligator, R.G. Leigh and N. Seiberg, Phys. Rev. D50, 1092 (1994).
[10] L. Ibanez and G.G. Ross, Phys. Lett. 110B, 215 (1982); K. Inoue, A. Kakuto, H. Ko-
matsu and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982); L. Alvarez-Gaume,
M. Claudson and M.B. Wise, Nucl. Phys. B207, 96 (1982).
[11] Izawa K.-I. and T. Yanagida, Prog. Theor. Phys. 95, 949 (1996); K. Intriligator and
S. Thomas, Nucl. Phys. B473, 121 (1996).
[12] E. Witten, Phys. Lett. 105B, 267 (1981).
[13] M. Dine and A.E. Nelson, Phys. Rev. D48, 1277 (1993); M. Dine, A.E. Nelson and
Y. Shirman, Phys. Rev. D51, 1362 (1995); M. Dine, A.E. Nelson, Y. Nir and Y. Shirman,
Phys. Rev. D53, 2658 (1996).




FIG. 1. The diagram for the strange quark mass. The factor "tc denotes the coecient of the
kinetic mixing between top and charm quarks, and B denotes the supersymmetry breaking mass
for the lightest Higgs eld. The diagram for the down quark mass is obtained by replacing the
charm quark inside the loop with the up quark.
FIG. 2. The supergraph for the kinetic mixing between the up-type quarks.
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